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Abstract 
The synthesis, lanthanide complexation and solvent extraction of An(III) and Ln(III) radiotracers from nitric acid solutions by 
a pre-organized, phenanthroline-derived bis-triazine ligand CyMe4-BTPhen are described. It was found that the ligand 
separated Am(III) and Cm(III) from the lanthanides with remarkably high efficiency, high selectivity, and faster extraction 
kinetics compared to its 2,2’-bipyridine counterpart CyMe4-BTBP. The origins of the ligands extraction properties were 
established by a combination of solvent extraction experiments, X-ray crystallography, kinetics and surface tension 
measurements and lanthanide NMR spectroscopy.  
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1. Introduction 
During the production of electricity from nuclear power, a typical 1000 MW(e) light water reactor produces 
20–30 t of spent nuclear fuel per annum.1 This spent fuel consists mostly (>98.5 %) of uranium and short-lived 
fission products which do not pose a long-term hazard. However, approximately 1 wt % of the spent fuel is 
composed of plutonium and the minor actinides (Am, Cm, Np), which are highly radiotoxic. The PUREX 
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(Plutonium and URanium EXtraction) process is currently used to separate the plutonium where it is then reused 
as fuel (MOX fuel) in nuclear reactors.2 However, the remaining waste still contains the minor actinides which 
requires that the waste be contained and separated from the environment for many thousands of years. 
The separation of the minor actinides from the lanthanides is foreseen as a key step in the future partitioning 
and transmutation scenario for the reprocessing of used nuclear fuel,3 and many heterocyclic N-donor ligands 
have been studied for their ability to carry out this separation in a solvent extraction process.4 Two ligand classes 
have emerged as most promising; the terdentate 2,6-bis(1,2,4-triazin-3-yl)pyridine ligands (BTPs)5 and the 
quadridentate 6,6’-bis(1,2,4-triazin-3-yl)-2,2’-bipyridine ligands (BTBPs).6 The annulated ligand CyMe4-BTBP 1 
has solvent extraction properties suitable for a continuous separation process (Figure 1).7 However, the rates of 
extraction of the actinides by 1 was rather slow and a phase-transfer agent (N,N’-dimethyl-N,N’-dioctyl-2-(2-
hexoxyethyl) malondiamide) was required to improve the kinetics of extraction.7 This represents a disadvantage 
for the use of 1 in the proposed Generation (IV) fast reactors. Since 1 requires a conformational change from its 
trans-conformation to its less-favoured cis-conformation prior to metal binding, we proposed that this need for 
molecular reorientation was responsible for the slow rates of extraction by 1. 
 
 
 
 
Fig. 1. Cis- and trans-conformations of CyMe4-BTBP 1. 
 
The cis-locked 1,10-phenanthroline ligands are versatile ligands in a wide range of applications. Their rigidity 
and the juxtaposition of their donor atoms mean that complex formation is both more rapid and more 
thermodynamically favoured than their 2,2’-bipyridine counterparts.8 In addition, phenanthroline ligands have 
larger dipole moments than the 2,2’-bipyridines,9 and often bind strongly to water via hydrogen bonding.10 These 
properties could lead to improved extraction kinetics in a separation process since the ligand may interact more 
favourably with the organic/aqueous interface. We therefore predicted that a cis-locked quadridentate bis-triazine 
ligand containing a 1,10-phenanthroline moiety would show improved extraction properties compared to its 2,2’-
bipyridine counterpart 1, and we report here our studies11 on a new bis-triazine ligand in which the 2,2’-
bipyridine moiety of 1 has been replaced by a 1,10-phenanthroline moiety.  
2. Results and discussion 
2.1. Synthesis and X-ray crystallography 
The new ligand CyMe4-BTPhen 2 was synthesized as shown in Scheme 1. The dinitrile 6 was synthesized 
from 2,9-dimethyl-1,10-phenanthroline 3 in three steps following literature procedures.12 The conversion of 
dioxime 5 to dinitrile 6 gave a low yield (37 %) of product in our hands. Consequently, we developed a one-pot 
method for the synthesis of the dinitrile 6 from the dialdehyde 4. The reaction of the dinitrile 6 with hydrazine 
hydrate in ethanol afforded the novel diamide dihydrazide 7 in high yield. The condensation of 7 with diketone 8 
in THF at reflux afforded 2,9-bis(1,2,4-triazin-3-yl)-1,10-phenanthroline (CyMe4-BTPhen) 2 in 59 % yield. The 
ligand 2 was obtained as a stable hydrate as evidenced by its 1H NMR spectrum. The water remained bound to 
the ligand 2 in vacuo (0.1 mm Hg) and even after heating at 120o C for 24 hours.  
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Scheme 1. Synthesis of CyMe4-BTPhen 2. 
 
 
 
 
 
 
 
 
 
 
Fig. 2. X-ray crystal structure of the [Eu(2)2NO3]2+ cation. Thermal ellipsoids are at 30% probability.  
Counterions and solvent molecules have been omitted for clarity. 
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We also synthesized the Eu(III) complex of CyMe4-BTPhen 2, and the complex was structurally characterized 
by single crystal X-ray diffraction. Surprisingly, the bis-complex of stoichiometry [Eu(2)2NO3]2+ was formed 
(Figure 2), even though a single equivalent of 2 was used in the crystal growing experiment. This was the first 
time that a 1:2 lanthanide complex with a quadridentate bis-triazine ligand had been isolated and structurally 
characterized. The metal is ten-coordinate and is fully enclosed by two molecules of 2 in addition to a single 
bidentate nitrate ion. The geometry can best be considered as a capped square antiprism with the bidentate nitrate 
group occupying the capping site. The bond lengths from the metal to the outer triazine nitrogen atoms are 
equivalent (2.546(6)–2.616(5)ǖ) to those to the inner phenanthroline nitrogen atoms (2.561(6)–2.598(5)ǖ). The 
mean metal-nitrogen bond lengths (2.587, 2.582ǖ) are very similar to those found in the 1:1 complexes formed 
by the BTBP ligands.13 More recently, a very similar 1:2 structure of CyMe4-BTBP 1 with Eu(III) was reported.14 
 
2.2. Solvent extraction studies 
Preliminary solvent extraction experiments were then carried out to determine the ability of CyMe4-BTBP 2 to 
selectively extract An(III) over Ln(III). Solutions of the ligand 2 in 1-octanol (0.01 M) were contacted with nitric 
acid solutions spiked with 241Am and 152Eu radiotracers. The distribution ratios (D) for Am(III) and Eu(III), and 
the separation factors (SFAm/Eu) at different nitric acid concentrations are presented in Figure 3. Very high D 
values for Am(III) were observed (DAm > 1000), indicating that the extraction of Am(III) by 2 was highly 
efficient. The D values for Eu(III) were approximately two orders of magnitude lower than those of Am(III) (DEu 
< 10), and the resulting separation factors were in the range 68–400. These results show that 2 is able to extract 
Am(III) in preference to Eu(III) with very high selectivities. The distribution ratios for Am(III) for 2 are about 
two orders of magnitude higher that those for the related ligand CyMe4-BTBP 1.7a The improvement in the 
extraction of Am(III) by 2 compared to 1 illustrates the beneficial effect of ligand pre-organization on extraction 
efficiency for quadridentate bis-triazine N-donor ligands. The high D values observed for 2 also make it suitable 
for low-level waste decontamination where only trace levels of radionuclides are present.  
 
 
 
 
 
 
 
 
 
Fig. 3. Left: Extraction of Am(III) and Eu(III) radiotracers by CyMe4-BTPhen 2 in 1-octanol (0.01 M) as a function of the initial nitric acid 
concentration (D = distribution ratio, SF = separation factor, Ÿ = DAm, Ɣ = DEu, Ŷ = SFAm/Eu, contact time = 60 min, temperature = 22 ± 1 oC). 
Right: Extraction of Am(III) and Eu(III) from 1 M HNO3 by CyMe4-BTPhen 2 in 1-octanol (0.01 M) as a function of time (Ŷ = DAm, Ɣ = DEu, 
temperature = 22 ± 1 oC).  
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The kinetics of extraction of Am(III) and Eu(III) by CyMe4-BTPhen 2 from 1 M HNO3 into 1-octanol are 
shown in Figure 3. For Am(III), relatively fast extraction kinetics are observed even in the absence of a phase-
transfer agent, and distribution ratios close to the equilibrium value are reached within 15 minutes of contact 
time. Thus the kinetics of extraction by ligand 2 are significantly faster than the BTBP ligand 1 which requires up 
to 60 minutes of contact time to reach equilibrium (DAm approx. 4.5).7a The faster rates of extraction by ligand 2 
mean that the use of a phase-transfer agent such as N,N’-dimethyl-N,N’-dioctyl-2-(2-hexoxyethyl) 
malondiamide,15 (which is needed to improve the extraction kinetics of CyMe4-BTBP 1),7 is not necessary. 
Additionally, as DAm > 10 even after 5 minutes of contact, an efficient extraction can still take place using shorter 
contact times if desired.  
2.3. Kinetics and surface tension measurements 
In order to uncover the reasons for the faster extraction kinetics observed with 2 compared to its non-rigidified 
counterpart 1, a comparison of the extraction kinetics of 152Eu by CyMe4-BTBP 1 and CyMe4-BTPhen 2 in 
different diluents was carried out using the rotating membrane cell technique.16 With 1-octanol, 2-
methylcyclohexanone, 3-methylcyclohexanone and 4-methylcyclohexanone as the diluents, the calculated 
extraction rate constants (kext) for 2 are substantially larger than those for 1 in each of these diluents (Figure 4). 
On the other hand, the back-extraction (stripping) rate constants (kstr) for 1 are larger than those for 2 in the same 
diluents. These results suggest that CyMe4-BTPhen 2 will have a faster rate of extraction, but a slower rate of 
stripping compared to 1. The fastest extraction kinetics for both ligands were observed in cyclohexanone (kext = 
121 × 10í6 cm sí1 for 0.01 M 1 from 2 M HNO3; kext = 74.8 × 10í6 cm sí1 for 0.01 M 2 from 1 M HNO3); a 
diluent which is known to improve significantly the kinetics of extraction by the BTBPs.17  
 
 
 
 
 
 
 
 
 
Fig. 4. Left: Extraction rate constants (kext) in different diluents for 0.01 M solutions of CyMe4-BTBP 1 and CyMe4-BTPhen 2 (aqueous phase 
= 2 M HNO3). Right: Interfacial tension measurements of CyMe4-BTPhen 2 in different diluents as a function of the ligand concentration 
(aqueous phase = 1 M HNO3). 
The interfacial tensions between aqueous phases of 1 M HNO3 and organic phases of CyMe4-BTBP 1 and 
CyMe4-BTPhen 2 diluted in 1-octanol, 2-methylcyclohexanone, 3-methylcyclohexanone and 4-
methylcyclohexanone were then measured using the du Noüy ring method.18 For ligand 1, surface activity was 
only observed when the ligand was diluted in 3-methylcyclohexanone, and was not observed in the other 
diluents. For ligand 2, surface activity was observed in all four diluents (Figure 4), with the sharpest decrease in 
surface tension being observed in 1-octanol. Thus the faster extraction kinetics observed with 2 compared to 1 
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appears to be due to the greater surface concentration of CyMe4-BTPhen 2 at the organic/aqueous interface. The 
greater surface activity observed for 2 compared to 1 is consistent with what we predicted based on ligand 
design. The dipole moment present in 2 and its ability to strongly coordinate to water is probably responsible for 
its ability to interact favourably with the interface.  
2.4. NMR studies of lanthanide complexes 
Using lanthanides as actinide surrogates, the complexation behavior of CyMe4-BTPhen 2 towards the 
lanthanides was studied by NMR spectroscopy to gain a further understanding of the species likely to be involved 
in the extraction of the trivalent actinides. The 1H NMR spectrum of the diamagnetic bis-complex formed 
between anhydrous Lu(ClO4)3 and 2 in acetonitrile displays two methyl peaks, three aromatic peaks and a 
multiplet between 1.45 and 1.65 ppm that originates from the rapidly inverting cyclohexenyl groups. These peaks 
broaden somewhat at lower temperatures but the changes are insufficient for the determination of the activation 
energy barrier. The spectrum of Lu(2)23+ was used as a reference for deducing the paramagnetic shifts induced by 
the Yb3+ ion. This ion is known to induce essentially pure dipolar shifts from which solution structures can be 
determined.19  
The 1H NMR spectrum of a 1:2 mixture of Yb(ClO4)3 and 2 in anhydrous acetonitrile is shown in Figure 5. All 
resonances are easily assigned from their respective areas and from COSY spectra. Three aromatic protons 
resonate at high and low fields and the cyclohexenyl substituents give rise to two methyl peaks and two 
methylene peaks. The aliphatic substituents are thus rapidly inverting their conformation on the NMR time scale 
(over a 17 ppm shift range). A molecular modelling calculation was made following the procedure used for a 
related bis-triazine ligand derived from 2,2’:6’,2’’-terpyridine.20 The optimized solution structure of the 1:2 bis-
complex of 2 with Yb3+ is shown in Figure 5. As expected, the most stable conformation is that in which the two 
ligands are perpendicular to each other. All cyclohexenyl groups in the modelled structure are in the half-chair 
conformation in agreement with molecular calculations performed for cyclohexene.21 The white arrows in Figure 
5 indicate the smallest interatomic distances found between two ligands in the bis-complex. These distances are 
larger than the sum of the Van der Waals radii. Thus the structure is not sterically crowded and there is ample 
room for additional coordinating anions (eg: NO3í) or solvent molecules in the inner coordination sphere.  
 
 
 
 
 
 
 
 
 
Fig. 5. Left: 1H NMR spectrum of a 1:2 Yb(ClO4)3:CyMe4-BTPhen 2 mixture in anhydrous CD3CN at 263 K (Assignments: (+) methyl 
protons, (o) methylene protons, (x) aromatic protons). Right: Force field simulation of the optimized structure of the 1:2 bis-complex of 
CyMe4-BTPhen 2 with Yb3+. The arrows show the shortest interatomic distances in the metal complexes. 
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3. Conclusions 
In summary, we have reported the first example of a promising new class of highly-selective solvent 
extraction reagent for the partitioning of actinides from lanthanides in nuclear waste streams, and have 
demonstrated that pre-organization of the donor atoms for metal ligation with a cis-locked 1,10-phenanthroline 
moiety improves the solvent extraction properties of quadridentate bis-triazine ligands. Interfacial tension 
measurements suggest that the improved extraction kinetics of the ligand relative to its 2,2’-bipyridine 
counterpart are due to higher concentrations of the ligand at the phase interface. The first X-ray crystal structure 
of a 1:2 bis-complex of a quadridentate bis-triazine ligand with Eu(III) has been determined. Lanthanide NMR 
complexation studies allowed the solution structure of the 1:2 bis-complex to be determined from the 
paramagnetic shifts induced by Yb(III).  
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